Novel chemotherapeutics with marked and selective antitumor activity are essential to develop, particularly those that can overcome resistance to established therapies. Iron (Fe) is critical for cell-cycle progression and DNA synthesis and potentially represents a novel molecular target for the design of new anticancer agents. The aim of this study was to evaluate the antitumor activity and Fe chelation efficacy of a new class of Fe chelators using human tumors. In this investigation, the ligands showed broad antitumor activity and could overcome resistance to established antitumor agents. The in vivo efficacy of the most effective chelator identified, di-2-pyridylketone-4,4,-dimethyl-3-thiosemicarbazone (Dp44mT), was assessed by using a panel of human xenografts in nude mice. After 7 weeks, net growth of a melanoma xenograft in Dp44mT-treated mice was only 8% of that in mice treated with vehicle. In addition, no differences in these latter animals were found in hematological indices between Dp44mT-treated mice and controls. No marked systemic Fe depletion was observed comparing Dp44mT-and vehicletreated mice, probably because of the very low doses required to induce anticancer activity. Dp44mT caused up-regulation of the Fe-responsive tumor growth and metastasis suppressor Ndrg1 in the tumor but not in the liver, indicating a potential mechanism of selective anticancer activity. These results indicate that the novel Fe chelators have potent and broad antitumor activity and can overcome resistance to established chemotherapeutics because of their unique mechanism of action.
D
epriving cancer cells of the essential nutrient iron (Fe) is a novel approach for cancer treatment (1) (2) (3) . Fe-containing proteins perform key reactions involved in energy metabolism and DNA synthesis. Indeed, the rate-limiting step of DNA synthesis is catalyzed by the Fe-containing enzyme ribonucleotide reductase (4) . Moreover, chelators such as desferrioxamine (DFO) (Fig. 1A) arrest cells at the G 1 ͞S interface, inhibiting cell-cycle progression and inducing apoptosis (5, 6) .
Many in vitro and in vivo studies have shown that, compared with normal cells, cancer cells are more sensitive to Fe deprivation because of their marked Fe requirements (1) (2) (3) . To facilitate rapid replication, neoplastic cells have significantly higher levels of ribonucleotide reductase and the transferrin receptor 1 (TfR1) (2, 3) . The higher Fe utilization by cancer cells than their normal counterparts provides a rationale for the selective antitumor activity of chelators (1) (2) (3) .
To date, the only chelator in widespread use for the treatment of Fe overload disease is DFO. In addition, DFO also has some antitumor activity (1) (2) (3) . Recently, the Fe chelator Triapine (3-aminopyridine-2-carboxaldehyde thiosemicarbazone) ( Fig.  1 A) , which inhibits ribonucleotide reductase activity and tumor growth in vitro and in vivo (7) , has entered phase I and II clinical trials (2, 3) . Additionally, some chelators of the pyridoxal isonicotinoyl hydrazone class (8) possess potent antitumor activity, e.g., 2-hydroxy-1-naphthylaldehyde isonicotinoyl hydrazone (9) .
Studies of the structure-activity relationships of the pyridoxal isonicotinoyl hydrazone analogs led to the development of novel series of chelators showing significantly greater activity, the most effective being the di-2-pyridylketone thiosemicarbazone (DpT) and di-2-pyridylketone isonicotinoyl hydrazone (PKIH) analogs ( Fig. 1 B and C) (10, 11) . From preliminary screening, one of the most efficient of these chelators identified was di-2-pyridylketone-4,4,-dimethyl-3-thiosemicarbazone (Dp44mT) (Fig. 1B) . This ligand showed selective antitumor activity and inhibited murine M109 lung carcinoma growth in vivo by 47% in 5 days (10) . The cytotoxic mechanism of action of this chelator involved not only Fe chelation but also redox cycling of its Fe complex to generate reactive oxygen species (ROS) (10) . Moreover, in cultured cells Dp44mT resulted in marked up-regulation of the Fe-responsive tumor growth and metastasis suppressor Ndrg1 (N-myc downstream regulated gene-1) (12) . Up-regulation of Ndrg1 suppresses primary tumor growth and metastasis (13, 14) and may be another mechanism by which chelators inhibit cancer cell proliferation.
Herein we investigated in vitro and, in particular, in vivo antitumor activity of our most effective PKIH and DpT chelators against human tumors. We show that these chelators have broad-spectrum activity against a wide range of cancer cell types in vitro and in vivo, including those possessing multidrugresistant phenotypes.
Results

PKIH and DpT Fe Chelators Show High Antiproliferative Activity
Against a Range of Tumor Cell Lines. Previously, the high antiproliferative activity of chelators of the PKIH and DpT classes of ligands were shown in a limited number of cell lines (10, 11) . Here we examined 28 cell types to determine the spectrum of antitumor activity of the most effective PKIH and DpT analogs ( Table 1 , which is published as supporting information on the PNAS web site). DFO, 2-hydroxy-1-naphthylaldehyde isonicotinoyl hydrazone, Triapine, and the cytotoxic agent doxorubicin (DOX) were included as positive controls.
Of the 12 chelators tested, the least effective was DFO, with an IC 50 value that ranged from 3 to Ͼ25 M (Table 1) . Dp44mT showed the greatest antitumor efficacy with an IC 50 that ranged from 0.005 to 0.4 M. The average IC 50 of Dp44mT over 28 cell types was 0.03 Ϯ 0.01 M, which was significantly lower than that of Triapine (average IC 50 : 1.41 Ϯ 0.37 M). Moreover, the antiproliferative activity of Dp44mT was greater than DOX in 26 of 28 cell lines. In fact, the average IC 50 of DOX in the 28 cell types was 0.62 Ϯ 0.35 M. Related compounds to Dp44mT, namely PKBBH (di-2-pyridylketone 3-bromobenzoyl hydrazone), PKIH, PKTH (di-2-pyridylketone thiophenecarboxyl hydrazone), Dp4aT (di-2-pyridylketone 4-allyl-3-thiosemicarbazone), Dp4eT (di-2-pyridylketone 4-ethyl-3-thiosemicarbazone), Dp4mT (di-2-pyridylketone 4-methyl-3-thiosemicarbazone), and Dp4pT (di-2-pyridylketone 4-phenyl-3-thiosemicarbazone) (average IC 50 over 25-28 cell lines ϭ 0.57, 1.03, 0.88, 0.61, 0.77, 1.70, and 0.20 M, respectively), also demonstrated appreciable activity that was not significantly different from DOX. The antiproliferative activity of Dp44mT was significantly more effective than all of the latter compounds.
Clonogenic Assays with Dp44mT. Clonogenic assays were used to assess the antitumor efficacy of Dp44mT. Fig. 2A shows the response of A2780 cells to a 48-h exposure to DFO, DOX, or Dp44mT. Even at the highest concentration of DFO (20 M) or DOX (0.02 M), colonies survived. In contrast, at its lowest concentration, Dp44mT (0.00125 M) inhibited survival of A2780 clones by Ϸ50% compared with the control. At 0.0025 M, Dp44mT completely prevented colony formation (Fig. 2 A) . Similar results were obtained for SK-N-MC cells (data not shown). Resistance of tumor cells to chemotherapeutics is a marked clinical problem (15) . Hence, Dp44mT was assessed for its ability to overcome multidrug-resistant mechanisms in etoposideresistant MCF-7͞VP (16) clones of MCF-7 breast cancer cells and vinblastine-resistant KB-V1 (17, 18) clones of KB3-1 epidermoid carcinoma cells. To confirm resistance was maintained, etoposide ( Fig. 2B) and vinblastine ( Fig. 2C) were included as relevant controls. Etoposide-sensitive and -resistant cells were equally susceptible to the effects of Dp44mT, both resulting in an IC 50 of 0.012 M (Fig. 2B) . These results indicated that resistance to etoposide did not interfere with the efficacy of Dp44mT.
Interestingly, vinblastine-resistant KB-V1 cells were more susceptible to Dp44mT than the vinblastine-sensitive parental cell line KB3-1 (Fig. 2C) . As expected, the KB-V1 cell type remained resistant to vinblastine compared with the sensitive parental cells (KB3-1) (Fig. 2C) . These results show that Dp44mT can overcome resistance to vinblastine.
Sensitivity of Tumor Cells to DpT Chelators Is Independent of p53
Status. Because numerous tumors contain functionally defective p53, anticancer agents that induce apoptosis in a p53-independent manner must be developed (19) (20) (21) (22) . Hence, we examined whether the DpT chelators can act independent of p53 apoptotic pathways. For all chelators, there was no correlation between p53 status and ϪlogIC 50 (data not shown), indicating that chelators act via a p53-independent mechanism to inhibit proliferation.
Dp44mT Markedly Inhibits the Growth of Human Tumor Xenografts in
Vivo. Short-term studies. Fig. 3 A-C shows the effects of Dp44mT on the growth of established xenografts in mice. Much higher doses of Triapine (a positive control) than Dp44mT were required to observe significant antitumor activity. After 14 days of treatment, the average net tumor size of DMS-53 xenografts in control mice was 267 mm 3 , whereas in Dp44mT (0.75 mg͞kg per day)-treated mice, it was significantly reduced to 15 mm 3 ( Fig. 3A) . Notably, Dp44mT at a 16-fold lower dose (0.75 mg͞kg per day), showed significantly greater antitumor activity than Triapine (12 mg͞kg per day). A similar response to Dp44mT was also observed in SK-N-MC and SK-Mel-28 xenografts ( Fig. 3 B and C). Long-term studies. Rapid growth of SK-N-MC and DMS-53 xenografts meant for ethical reasons they could not be used for long-term studies, because the tumors in control mice became ulcerated after 2 weeks. In contrast, SK-Mel-28 xenografts grew at a slower rate, allowing extended treatment for 7 weeks (Fig. 3D) .
Average net tumor size in Dp44mT (0.4 mg͞kg per day)-treated mice (49 mm 3 ) was significantly smaller than in control mice (612 mm 3 ) after 7 weeks ( Fig. 3 D and E). Tumor regression was also observed in mice treated with 0.75 mg͞kg per day of Dp44mT. However, after 3 weeks of treatment at this latter dose, mice experienced a 14% decrease in body weight and, for ethical reasons, were killed. In contrast, at 0.4 mg͞kg per day Dp44mT was well tolerated, with weight loss in mice not exceeding 10% over 7 weeks (see section below).
Biological Assessment After Chelator Treatment. Because Dp44mT is an Fe chelator (10), we assessed effects that Dp44mT may have on physiological processes. After 2 weeks, Dp44mT (0.75 mg͞kg per day)-treated mice experienced significant weight loss compared with controls ( Table 2 , which is published as supporting information on the PNAS web site). However, no significant difference in weight loss was observed between mice receiving the lower dose of Dp44mT (0.4 mg͞kg per day) and the controls after 7 weeks of treatment (Table 3 , which is published as supporting information on the PNAS web site).
There was a significant (P Ͻ 0.002) increase in platelets and a slight but not significant (P Ͼ 0.05) increase in RBC counts in mice treated for 2 weeks with Dp44mT (0.75 mg͞kg per day) compared with controls (Table 2) . A significant (P Ͻ 0.03) decrease in RBC counts was observed in mice treated with Triapine (Table 2) . Importantly, no significant (P Ͻ 0.05) differences in hematological indices were found using the lower Dp44mT dose (0.4 mg͞kg per day) (Table 3 ) over 7 weeks.
After short-term treatment with Dp44mT (0.75 mg͞kg per day) or vehicle control, no significant differences were detected in a range of serum biochemical parameters including creatine kinase in muscle and brain, aspartate aminotransferase, lactate dehydrogenase, alkaline phosphatase, alanine aminotransferase, total bilirubin, total protein, creatinine, and glucose (data not shown). However, mice treated with Triapine experienced a significant increase in alkaline phosphatase (185 Ϯ 8; n ϭ 3) compared with the control (115 Ϯ 10; n ϭ 3).
Organ Weights and Tissue Fe Levels After Dp44mT. No significant changes were found in organ-to-total-body-weight ratios in tumor-bearing mice comparing Dp44mT and control mice after short-term treatment (data not shown). In contrast, Triapine caused a significant increase (1.7-fold) in splenic weight when expressed as a percentage of total body weight (1.02 Ϯ 0.06%; n ϭ 25) compared with control mice (0.6 Ϯ 0.03%; n ϭ 27). In the long-term group, a significant increase in heart weight was observed after Dp44mT (0.4 mg͞kg per day) (0.8 Ϯ 0.06%; n ϭ 4) compared with control mice (0.5 Ϯ 0.01%; n ϭ 6).
In short-term studies, there was a significant (P Ͻ 0.004) increase in liver Fe of Triapine-treated mice versus controls (Table 4 , which is published as supporting information on the PNAS web site). There was also a significant (P Ͻ 0.03) decrease of brain Fe in Triapine-treated mice versus controls. A significant (P Ͻ 0.03) increase in splenic Fe was found in mice treated with Dp44mT (0.75 mg͞kg per day) compared with the control (Table 4) .
In long-term studies there was a significant decrease in liver Fe and a significant increase of heart Fe in Dp44mT-treated mice compared with controls (Table 5 , which is published as supporting information on the PNAS web site). Interestingly, as found in short-term experiments (Table 4) , there was a slight but not significant increase in tumor Fe comparing mice treated with Dp44mT and the control ( Table 5) .
Effects of Chelators on Tissue Histology and Blood Cell Morphology.
After a 2-week treatment period with Triapine there were increased hematopoietic cells in the splenic red pulp compared with controls in hematoxylin and eosin-stained sections (asterisks) (compare Fig. 4 Ai and Ci). Perls staining of the spleen showed that, compared with the control (Fig. 4Aii) , there was increased red pulp staining (consistent with hemosiderin) in Dp44mT-and Triapine-treated mice (asterisks) (Fig. 4 Bii and Cii). No splenic abnormalities were detected in mice bearing SK-Mel-28 xenografts after 7 weeks of therapy with Dp44mT (0.4 mg͞kg per day) (data not shown).
In the 2-week studies myocardial lesions were found only in Dp44mT-treated mice (arrows in Fig. 4Biii ). Such lesions consisted of poorly differentiated foci of necrosis, being replaced with immature fibrous tissue revealed by Gomori-Trichrome stain (arrows in Fig. 4Biii ). Lesion severity was dose-dependent and was more marked at higher Dp44mT doses (0.75 mg͞kg per day) than at lower doses (0.4 mg͞kg per day). Because the lesions are fibrotic scar tissue, they are not reversible upon drug withdrawal. After 7 weeks of Dp44mT (0.4 mg͞kg per day) treatment, some myocardial fibrosis was evident (data not shown), but it was not as pronounced as that at 0.75 mg͞kg per day over 2 weeks.
Liver sections stained with hematoxylin and eosin from mice . 4Civ ). Accompanying this change, there was a mild increase in Kupffer cell hemosiderin in the Triapine group as shown by Perls stain (arrows in Fig. 4Cv ). No change in liver histology was observed after a 7-week treatment with Dp44mT (0.4 mg͞kg per day; data not shown). May-Grünwald͞Giemsa-stained blood smears from mice demonstrated increased anisocytosis and polychromasia in only the Triapine-treated mice after 2 weeks (data not shown). Histological assessment of tumors from 2-and 7-week treatment groups indicated increased necrosis in chelator-treated mice compared with controls (data not shown). No alterations were observed in the brain or kidney over 2 or 7 weeks with any of the chelator doses (data not shown).
Expression of Fe-Regulated Genes in Liver and
Tumor. Fe is crucial for proliferation, and studies in vitro have demonstrated that chelators up-regulate the expression of Fe-responsive genes such as the TfR1, which is involved in Fe uptake; VEGF1, which plays a role in angiogenesis; and the tumor growth and metastasis suppressor gene Ndrg1 (12, 23) . To understand the molecular events after Fe chelation, we performed RT-PCR examining the mRNA expression of Ndrg1, TfR1, and VEGF1 in the liver (Fig.  5A) and tumor (Fig. 5B) . This was done in mice bearing DMS-53 tumor xenografts after short-term treatment with vehicle only, Dp44mT (0.75 mg͞kg per day), or Triapine (12 mg͞kg per day).
A significant decrease in the expression of Ndrg1, TfR1, and VEGF1 in the liver was noted for Dp44mT-and Triapine-treated animals (Fig. 5A) . The decreased expression could be related to the increased liver Fe in both Dp44mT-and Triapine-treated mice (Table 4 ). In contrast, the expression of Ndrg1, TfR1, and VEGF1 mRNA was significantly increased in the tumor (Fig.  5B ). This observation was surprising because there was no decrease in tumor Fe observed in mice treated with chelators (Table 4) . This finding could be explained by chelator-mediated changes in cellular Fe distribution that deprive the metal from certain compartments that control gene expression. Alternatively, Ndrg1, VEGF1, and TfR1 are known to be regulated by the redox-sensitive transcription factor hypoxia-inducible factor 1 (HIF-1) (1, 12). HIF-1 is composed of a constitutively expressed ␤-subunit and an ␣-subunit regulated by hypoxia or Fe (1).
HIF-1␣ is regulated by prolyl hydroxylase; in the absence of Fe or oxygen, this enzyme is inactive, preventing binding by the von Hippel-Lindau protein and inhibiting its degradation by the proteasome (1). Previous studies showed that increased ROS can activate HIF-1␣ (24, 25) . Because the Dp44mT-Fe complex is highly redox-active (10, 26) , it can be speculated that ROS generation by this compound leads to increased transcription of these genes via HIF-1.
Discussion
The development of multidrug resistance (MDR) has become a significant obstruction in cancer treatment (16) . Therefore, it is necessary to develop new chemotherapeutics. For many years, folate was targeted for antitumor drug development and resulted in the generation of highly successful therapeutics such as methotrexate, which prevents DNA synthesis. In contrast, strategies to target Fe for antitumor therapy have not been systematically explored. The present investigation is the first to conclusively demonstrate the marked antitumor efficacy of the novel Fe-chelating agent Dp44mT against a range of human tumors in vivo.
In Vitro Evaluation. In this study we show the antiproliferative activity of the nine most effective PKIH and DpT chelators against 28 tumor lines (Table 1) . Our results in vitro demonstrate their broad spectrum of activity and marked antiproliferative efficacy, with Dp44mT being particularly effective. Comparing average IC 50 values over the 28 cell lines, we observed that Dp44mT was 21 times more effective than DOX and 47 times more efficient than Triapine ( Table 1) .
The antitumor efficacy of Dp44mT and the related DpT chelators has previously been shown to be due to their ability to bind cellular Fe (10) . In fact, synthesis of a DpT analog (known as Dp2mT), where the Fe-binding site is completely inactivated by methylation, prevented the ability of the compound to bind Fe and induce antitumor activity (10) .
The marked activity of the DpT ligands is, in part, attributable to their lipophilicity, allowing them to permeate membranes and bind Fe pools more readily than less lipid-soluble chelators, e.g., DFO (9) . Furthermore, upon PKIH and DpT ligands forming Fe complexes, these ligands generate cytotoxic ROS (10, (26) (27) (28) . The resulting oxidative damage potentiates the antiproliferative activity of PKIH and DpT chelators compared with 2-hydroxy-1-naphthylaldehyde isonicotinoyl hydrazone or DFO, which bind Fe but do not redox cycle (29) . The higher activity of DpT series relative to the PKIH class can be ascribed, at least in part, to the electrochemical potentials of their Fe complexes (26, 28) . In fact, the Fe III/II redox potentials of the Fe(DpT) 2 complexes (ϩ153-225 mV) are much lower than the PKIH analogs (approximately ϩ500 mV) and lie in a range accessible to cellular oxidants and reductants (26, 28) .
The emergence of drug-resistant tumors remains a key chemotherapeutic problem (15) . Attempts to reverse MDR by using MDR modulators have not yet generated optimal results (15) . Considering this fact, etoposide and vinblastine resistance in tumor cells did not suppress the antiproliferative activity of Dp44mT (Fig. 2 B and C) . Hence, Dp44mT may not be a substrate of ABC transporters such as P-glycoprotein and MDRassociated protein 1, which confer resistance to vinblastine (17) and etoposide (30) , respectively. Clearly, the ability to overcome tumor resistance to established chemotherapeutics is an important advantage of Dp44mT.
Because of the role of p53 in cellular arrest and apoptosis, it was vital to assess the impact of p53 on chelator antiproliferative activity. Indeed, p53 mutations often result in a less favorable response to chemotherapy (20) (21) (22) . In this study, p53 status did not affect DpT analog activity, indicating a p53-independent mechanism of antiproliferative activity, supporting their potential.
In Vivo Evaluation. This is the first study to examine the effect of Dp44mT on human tumor xenografts and to show its broad spectrum of activity in vivo. We demonstrate that the antitumor activity of Dp44mT was far greater than Triapine. For instance, in 2-week studies Dp44mT (0.75 mg͞kg per day) at a 16-foldlower dose inhibited the growth of DMS-53 xenografts more profoundly than Triapine (12 mg͞kg per day) (Fig. 3A) . The striking antitumor activity of Dp44mT (0.75 mg͞kg per day) in short-term experiments using melanoma cells (Fig. 3C ) was sustained when treatment was extended to 7 weeks using 0.4 mg͞kg per day (Fig. 3D) . Moreover, at the lower Dp44mT dose cardiotoxicity was less marked.
It is significant that in vivo Dp44mT did not lead to marked Fe depletion of the tumor. Considering this finding, we suggest that it is the effect of the chelator entering the cancer cell, binding Fe, and forming the cytotoxic Fe complex (10, 26) that leads to its antitumor activity. In fact, we have shown that the antitumor efficacy of the DpT chelators is proportional to their effective redox activity (26) .
The antitumor activity of Dp44mT in short-term and longterm studies was accompanied by little alteration in hematological and biochemical indices. The lack of a pronounced effect on hematological parameters e.g., RBC numbers, could be explained by the low chelator doses (0.4-0.75 mg͞kg per day) required to induce antitumor activity. A marked increase in splenic Fe after Dp44mT treatment ( Table 4) that was confirmed by Perls staining (Fig. 4Bii ) may be related to increased RBC turnover. However, there was no change in hematological indices or splenic weight in these mice. Importantly, lower Dp44mT doses (0.4 mg͞kg per day) over 7 weeks, which showed marked antitumor activity, had little effect on hematological indices (Table 3) or splenic Fe levels (Table 5) .
In contrast to the observations with Dp44mT, more marked alterations in hematology were observed with Triapine (12 mg͞kg per day). Evidence from histology, blood smears, and hematological indices of Triapine-treated mice (Fig. 4 and Table  2 ) indicated hematological toxicity, because of the high doses required to achieve antitumor activity. The pronounced increase in splenic erythropoiesis probably accounts for the rise in splenic weight in Triapine-treated mice. Our findings of hematological toxicity, together with evidence of anemia and met-hemoglobinemia in patients treated with Triapine (3), draw caution to claims that Triapine is a cytoprotectant (31) .
One observation that requires note is the cardiac fibrosis observed in mice treated with the higher Dp44mT dose (0.75 mg͞kg per day) (Fig. 4Biii) . This effect may be due to the marked redox activity of the Dp44mT-Fe complex (10, 26) . We suggest this because cardiotoxicity is observed with anthracyclines, which may induce this effect by ROS generation (32) . Such damage may be avoided by coadministering Dp44mT with chelators, such as ICRF-187 (33) or DFO (34), or appropriate ROS scavengers. Here we show that the cardiotoxicity of Dp44mT was dose-dependent. Hence, optimization of the dose, route, and use of agents such as dexrazoxane will be required to prevent this side effect.
The ability of chelators to up-regulate the tumor growth and metastasis suppressor Ndrg1 (12) (13) (14) could be vital for their anticancer efficacy. Our results showed that Dp44mT down-regulated these genes in mouse liver (Fig. 5A ) but caused up-regulation in tumor xenografts (Fig. 5B) . Hence, up-regulation of Ndrg1 in tumors by Dp44mT may be important for understanding its selective anticancer activity. It has been suggested that up-regulation of TfR1 and VEGF1 by chelators may enhance tumor growth via increased Fe uptake and angiogenesis, respectively (35) . However, their growth-promoting effects are probably overwhelmed by the chelator-mediated inhibition of ribonucleotide reductase (36) and the up-regulation of Ndrg1 and other molecules, because chelators markedly inhibit tumor growth (7, 10) . This principle has also been observed with the chelator desferriexochelin (37) . This ligand increased expression of the proapoptotic protein Nip1 and also VEGF1 but inhibited proliferation (37) . The effects of chelators at inhibiting tumor growth are probably mediated through their action on many unique targets (e.g., Nip1, etc.) (19, 37, 38) and cannot be explained only by increased Ndrg1.
In conclusion, this study demonstrates the in vivo efficacy of Dp44mT at inhibiting a range of human tumors. In 2-week studies the efficacy of Dp44mT (0.75 mg͞kg per day) was similar to or greater than a 16-fold-greater dose of Triapine in a number of human tumor xenografts. At 0.4 mg͞kg per day over 7 weeks Dp44mT markedly inhibited melanoma growth and was well tolerated. Dp44mT caused Ndrg1 up-regulation in the tumor but not the liver, indicating a potential mechanism of selective anticancer activity.
Materials and Methods
Chelators. The chelators were synthesized as described (26) . Triapine was a gift from Vion Pharmaceuticals (New Haven, CT). Clonogenic and Proliferation Assays. Clonogenic assays were performed by using standard procedures (19) , and proliferation was assessed by the MTT method (9) [MTT, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium].
Tumor Xenografts in Nude Mice and Chelator Administration. Female BALB͞c nu͞nu mice were used at 8-10 weeks of age. Tumor cells in culture were harvested, and 10 7 cells were suspended in Matrigel (BD Biosciences, San Jose, CA) and injected s.c. into the right flanks of mice. After engraftment, tumor size was measured by Vernier calipers. Tumor volumes (in cubic millimeters) were calculated as described (39) . When tumor volumes reached 120 mm 3 , i.v. treatment began (day 0) (Fig. 3 A-D) . Chelators were dissolved in 15% propylene glycol in 0.9% saline and injected i.v. over 5 consecutive days per week for up to 7 weeks. Control mice were treated with vehicle alone.
Hematology, Biochemistry, and Histology. Blood was collected by cardiac puncture. Hematologic and biochemical indices and tissue Fe were assayed by standard methods (40) . Tissues were fixed in formalin for histology.
RNA Isolation and RT-PCR. Total RNA was isolated by using TRIzol (Invitrogen, Melbourne, Australia), and RT-PCR was performed (40) . RT-PCR was shown to be semiquantitative by an optimization protocol, which demonstrated that it was in the log phase of amplification. ␤-Actin was used as an RNA loading control.
Statistical Analysis. Data were compared by using Student's t test. Results were expressed as mean Ϯ SEM unless otherwise indicated. Data were considered statistically significant when P was Ͻ0.05. 
